We use fine-detuning of pump wavelengths to adjust the tap phases in a complex-coefficient optical tapped-delayline that utilizes conversion/dispersion-based delays and nonlinear wave mixing. Full 2π phase tuning is demonstrated by detuning the frequency of laser pumps by <20 GHz, which shows close agreement with theory. [4] [5] [6] , and opto-electronic approaches that utilize microwave techniques [7] . In general, these optical approaches tend to be either fixed or partially tunable over a finite range for some parameters.
Tapped-delay-lines (TDLs) are key building blocks for various analog and digital signal processing applications, including finite impulse response (FIR) filtering, waveform generation, correlation, equalization, and discrete Fourier-transform [1, 2] . In a TDL, the incoming signal is tapped at different time intervals; each tap is multiplied by a complex (amplitude and phase) coefficient, and taps are then added together. Optical implementations of TDLs have been of interest for many years [3] [4] [5] . Because tunable filters can provide more functions than static filters, it may be useful to develop optical TDL schemes that allow for continuous tunability of the TDL parameters to accommodate different applications [2] .
Recent work on optical TDL systems has investigated fixed fiber-based structures [3] , cascaded Mach-Zehnder interferometers [4] [5] [6] , and opto-electronic approaches that utilize microwave techniques [7] . In general, these optical approaches tend to be either fixed or partially tunable over a finite range for some parameters.
Recently [2] , we experimentally demonstrated a fully tunable complex-coefficient optical TDL (FIR filter) based on conversion/dispersion delays in which all crucial parameters of the TDL (number of taps, tap delays, tap amplitudes, tap phases) could be changed by varying the properties of the tunable pump lasers that were injected into the system [2] . The system utilized nonlinear wavelength multicasting, conversion-dispersion tunable delays, and nonlinear multiplexing to achieve tunability and reconfigurability. With this technique, the tap amplitudes and delays can be independently determined by the power and wavelength of the pump lasers, respectively. In our previous demonstrations, [2] , a phase programmable filter (based on spatial light modulation) was required to set the tap phases. This implementation, however, may not be appropriate for integration purposes.
In this Letter, we theoretically derive and experimentally characterize an alternative technique for adjustment of the tap phases, using fine frequency detuning of the pump lasers. While propagating through the delaygenerating dispersion elements in our system, the proposed frequency detuning is converted to the required tap phases. Our results demonstrate the continuous 2π tunability of phases with a laser frequency detuning of <20 GHz, with negligible error on the wavelengthdependent tap delays. The amount of fine-detuning required depends on the dispersion parameter and the difference between the pump wavelengths [8] . Figure 1 illustrates the principle of operation of our tunable optical TDL. First, cascaded second order χ 2 nonlinear processes of sum frequency generation (SFG), followed by difference frequency generation (DFG), are exploited in a periodically poled lithium niobate (PPLN) device with the aid of multiple tunable dummy pump lasers to multicast the signal to N copies at different frequencies. The cascaded χ 2 processes of SFG-DFG in a PPLN device resemble the χ 3 process of four-wave-mixing (FWM) in highly nonlinear fibers [9, 10] . The signal at frequency ω signal , and a continuous wave (CW) pump at ω P1 , symmetrically located around the quasi-phase matching (QPM) frequency ω QPM of the PPLN waveguide, mix through the SFG nonlinear process and the resulting signal then mixes with dummy pumps at ω Di through the DFG process. These cascaded mixings create signal copies at frequencies ω Ci ω signal in ω P1 − ω Di . Subsequently, these replicas travel through a chromatic dispersive element (e.g., a dispersion compensating fiber (DCF) of length L and group velocity dispersion parameter β 2 ) at different speeds, incurring a distinct time delay with respect to the first copy T i ≈ Lβ 2 ω Di − ω D1 [11] . Finally, these N replicas and their dummy pumps are sent into the second PPLN device together with another CW pump at ω P2 to be multiplexed using the cascaded SFG-DFG processes, resulting in a multiplexed output signal at frequency ω signal out ω Di ω Ci − ω P2 ω signal in ω P1 − ω P2 . As discussed in [2] , the multiplexed output signal is proportional to
in which E signal in t is the electric field of the input optical signal and E signal out t is the electric field of the output of the TDL. E P1 and E P2 denote the electric field amplitudes of the CW pumps at ω P1 and ω P2 , respectively, which uniformly affect all copies (taps). The asterisks denote complex conjugation. The products E Di E Di , which are proportional to the powers of the dummy pumps, serve here as the amplitudes of the FIR filter taps. The phase of each tap is mainly determined by the chromatic dispersion experienced by ω Di , namely, [2] :
in which β k ∂ k β∕∂ω k j ωω QPM is the kth derivative of the wave's propagation parameter βω calculated at angular frequency ω QPM . We note that because of the symmetry of ω Di 's and ω Ci 's around the QPM frequency, only the even terms remain in the Taylor series expansion in Eq. (2) . To achieve the required tap phase, Φ i should be augmented by an adjustable component ϕ ADJ i
. Thus, the relationship between the input and output of the system can be written in the form of a complex-coefficient FIR filter as
in which h i is the complex weight of the i-th delayed copy. Its amplitude is the power of the i-th dummy pump ω Di and its phase is related to the physical parameters of the system according to ∠h i Φ i ϕ ADJ i
. In [2] , a phase programmable liquid crystal on silicon (LCoS) filter was used to adjust ϕ ADJ i . This LCoS can now be omitted if, instead, the same phase adjustment is obtained by a fine-detune of the ω Di pump frequencies. Indeed, if ω Di is detuned by δω Di and when ω Ci and ω Di are symmetrically located around ω QPM , the tap phase changes by
where the contribution of higher order even terms (e.g., β 4 ) will be experimentally confirmed to be negligible. Unavoidably, this δω Di will also affect the delay through
We studied this trade-off and determined that, for pumps reasonably far from each other and/or ω QPM , this delay error can be practically ignored. In summary, tap delays for the required FIR filtering are set by coarse-tuning of the pump wavelengths; the amplitudes of the tap weights are determined by the pump powers and their phases are adjusted by fine-detuning of the pump wavelengths. Finally, the number of taps can be scaled by using more dummy lasers. Because more taps occupy more bandwidth, the increase in the number of taps is eventually limited by the bandwidth of the components in use and their maximum power tolerance. The PPLN used can provide >70 nm conversion bandwidth for multicasting using SFG-DFG [9] . The requirement of tunable pumps adds to the system complexity; however, tunable pumps can enable a wide range of tuning for tap delays, which may be difficult to achieve with alternative approaches [3] [4] [5] [6] .
Figure 2(a) shows the experimental setup for the characterization of the detuning-induced phase adjustment. A CW input signal at wavelength λ signal ≈ 1540.8 nm, a pump at λ P1 ≈ 1559.2 nm, and a dummy pump at λ D1 ≈ 1549.5 nm combined with another tunable (for different delays) dummy λ D2 (at ∼1552.2 nm, ∼1554.1 nm, ∼1555.9 nm, or ∼1557.7 nm) are separately amplified, filtered, and launched into the first 4-cm-long PPLN waveguide for multicasting. The output spectrum of PPLN 1 is shown in Fig. 2(b) . For the calibration of the proposed detuning-induced phase adjustment, the output is also sent into an already calibrated amplitude and phase programmable LCoS filter that (i) passes the signal copies and dummy pumps, but blocks the original signal and λ P1 pump and (ii) is used to measure (with 5°accuracy) and validate the amount of phase shift created by the detuning. Subsequently, the copies and pumps pass through either a spool of ∼170 m or ∼450 m DCF with a dispersion parameter of −2πcβ 2 ∕λ 2 −80 ps∕nm∕km. These two DCF spools allow for experiments with a total Fig. 1 . Principle of operation of a complex-coefficient optical TDL, having three taps in (a) block diagram and (b) schematic spectrum of the three main stages: (i) the input signal is multicast to multiple copies where the wavelengths of the new copies and their powers are determined by the wavelengths and powers of the ω Di dummy pumps that create them independently; (ii) dispersive medium induces delays between the signal copies by coarse-tuning of ω Di pump wavelengths and enables adjusting the tap phases by fine-detuning of ω Di pumps; and (iii) multiplexing the weighted and delayed copies to a single channel to form the output signal. dispersion of 15 ps∕nm or 34 ps∕nm. Next, the signals are amplified, filtered, combined with a CW pump λ P2 , and sent to the second 5-cm-long PPLN waveguide. Amplified signals and pumps are filtered before the PPLNs to eliminate the residual EDFA noise and wave mixing parasitic terms at the frequencies of the generated output signals. The QPM wavelengths of the two PPLN waveguides are thermally tuned to ∼1550 nm. The λ P1 pump is split and used as λ P2 as well; therefore, the multiplexed output signal lands on the original signal frequency [ Fig. 2(b) , PPLN 2 output spectrum]. The output signal is finally filtered and sent to an optical spectrum analyzer (OSA) for power measurements. Later in the Letter, and to further assess the performance of the system, the CW signal is modulated using an IQ modulator to generate a quadrature-phase-shift-keyed (QPSK) signal at the 31 Gbaud data rate (pseudorandom bit sequence of length 2 31 − 1) and detected using a coherent optical receiver. Because only two taps are used to study the phase tuning characteristics, the output has the form of yt xt jh 0 je j∠h 0 xt − T, which can result in constructive or destructive interference depending on the value of ∠h 0 ϕ ADJ i . The amplitude of the tap is set to jh 0 j 1 by choosing appropriate powers for the dummy lasers. The value of ϕ ADJ i can be adjusted in this setup by wavelength detuning or the LCoS filter, or both, where the LCoS filter can negate and cancel the effect of the detuning, thereby also measuring it. Figure 3(a) shows the multiplexed signal for the two cases of constructive and destructive interference, creating a peak or a null with a >35 dB extinction ratio. In Fig. 3(b) , the wavelength of λ D2 (located 4.1 nm from λ QPM ) is finely detuned and the power is measured for two dispersion values. The resulting squared-cosine-shape fringes closely match theory derived in Eq. (4), and one can see that higher dispersion would require finer tuning. Figure 4 (a) shows the theoretical and experimentally measured phases induced by fine-detuning the tap wavelengths. As predicted in Eq. (4), the slope of the phase change versus frequency depends on the separation between the wavelength of the pump and that of the QPM. Taps with a longer time delay require larger pump-QPM wavelength separation and require less fine-detuning. Figure 4 (b) illustrates fine-detuning of the CW pump located 4.2 nm away from the QPM wavelength [i.e., solid line in Fig. 4(a) ].
In Fig. 5 , the amount of frequency detuning required for a 360°phase shift is plotted versus the relative location of the tap (i.e., tap delay) for different dispersion values. Once again, theory and experiments are in agreement, proving that the longer delays and larger dispersions require less detuning. For taps that are very close to the QPM wavelength, the required detuning becomes significant due to its hyperbolic dependence on 1∕ω Di − ω QPM . It is worth noting that if the first tap is chosen reasonably far from the QPM wavelength., the phase tuning is limited to <20 GHz. However, the part of the spectrum that is close to the QPM wavelength could be wasted (i.e., fewer taps can be achieved). Furthermore, for delays that are very large, a very small amount of detuning might be required, which can be accomplished using acousto-optic modulators [12] . Utilization of external modulators for large numbers of taps can make the system more complex compared with the original LCoS approach. However, we note that if the taps' pump spacings are closer than the LCoS resolution, the pump fine frequency detuning approach might be preferred.
The effect of fine-detuning on time delay error is depicted in Fig. 6 . According to Eqs. (4) and (5), the maximum relative delay error (corresponding to ϕ ADJ i π) decreases proportional to π∕Lβ 2 ω Di − ω QPM ω Di − ω D1 , i.e., higher tap delays experience lower delay errors, and larger dispersion values cause lower errors; therefore, we consider D 34 ps∕nm and the delay error is plotted versus a phase induced by the fine-detuning method. For our case, in which the signals are in the C-band, the worst case tap delay error is <10% and can be reduced by placing the taps farther from the QPM wavelength.
The amount of frequency fine-detuning required for a 2π phase shift depends on the distance to the tap from the QPM wavelength [Figs. 4(a) and 5(a)]. If longer DCFs are used, then finer tuning will be required. However, for a given tap delay (i.e., multiplication of DCF dispersion and wavelength separation is given), there is a tradeoff between choosing longer DCFs and smaller wavelength spacing (i.e., more taps but shorter tap-delay tuning range) and shorter DCFs with a longer tap-tuning range. For both cases, the fine-detuning required can be made negligible compared with the tap-wavelength spacing. Because more taps (ω Di ) naturally appear further from the QPM wavelength and, consequently, the first tap, and because delay error is proportional to 1∕ω Di − ω QPM ω Di − ω D1 , it is intrinsic to the scheme that when more taps are added, this delay error becomes negligible, as shown in Fig. 6 .
To assess the effect of delay error on the output signal quality, a 31 Gbaud QPSK signal is sent to a 2-tap TDL with a one-symbol time delay between taps. As a result, the TDL works as a 2-tap QPSK correlator. Two taps are considered because they experience the largest delay error as a result of wavelength fine-detuning. Figure 7 depicts the input and output constellation diagrams, resulting in ∼1% larger error vector magnitude (EVM) in the output signal when the tap phase is changed from 0 to π. 
